Four different detergents, ASB 14, SB 3-10, CHAPS and Triton X100, were utilized to determine the optimal detergent for the solubilization of membrane proteins from the phytopathogenic bacterium Xylella fastidiosa. These proteins were differentially solubilized in distinct buffers containing the detergent and subjected to bidimensional electrophoresis within the non-linear pH range of 3-10. The detergents ASB 14 and SB 3-10 were the most effective revealing 221 and 157 spots, respectively. CHAPS and Triton X100 were less effective and revealed only 72 and 43 spots, respectively. MALDI-TOF tryptic peptide mass fingerprinting of 18 excised proteins from the ASB 14 treatment revealed that 83% were membrane proteins and that the theoretical efficiency of solubilization for ASB 14 was estimated to be 87%. This study demonstrates the effectiveness of the detergent ASB 14 for the solubilization of membrane proteins from the bacterium X. fastidiosa.
INTRODUCTION
High-resolution two-dimensional electrophoresis allows for the quantitative and qualitative separation of complex proteins mixtures typically found in cellular extracts from organisms. IEF and SDS-PAGE are coupled in a method that separates proteins by isoelectric point and then by mass. Both of these steps are critically affected by the solubility of proteins prior to electrophoresis. Proteins can only be analyzed by 2-DE if they are kept in solution or solubilized during the entire process. Lack of optimal solubility results in poor visualization of the proteins, underrepresentation of some proteins such as membrane proteins, and a reduction in the abundance (25) . Therefore, increased protein solubility is one of the major problems facing 2-DE and proteomics.
Membrane-bound and membrane-associated proteins are difficult to solubilize due to their hydrophobic nature (25) . The solubility problems have been addressed, with varying success, by combining chaotropic agents, such as thiourea, urea, and guanidine hydrochloride, with detergents (sodium dodecyl sulfate, lithium dodecyl sulfate, Triton X-100, Nonidet P-40 and CHAPS) (4) .
Traditionally, detergents such as Triton X-100 and Nonidet P-40 have been used to solubilize membrane proteins in aqueous solution. The sulfobetaine CHAPS has become the detergent most commonly used in recent years (19, 20) . Chevallet et al. (3) synthesized a range of novel more polar sulfobetaines with uncharged (zwitterions) head groups and long alkyl tails of more than 12 carbon atoms. The new detergents were tested on bovine neutrophile membrane proteins, Arabidopsis plasma membrane, E. coli outer membrane proteins and showed that the amidosulfobetaine type ASB-14 (4) and SB 3-10 (15,19) were more efficient in urea-thiourea mixtures than the others tested. Since these detergents are commercially available, several studies have been reported using them for proteomic analysis of membrane proteins (14-19, 23,24) .
To analyze the solubilization of membrane protein from the gram-negative bacterium Xylella fastidiosa (X. fastidiosa), we tested four different detergents. X. fastidiosa is a xylem-limited slow growing bacterium that causes economically important plant diseases of sweet orange (citrus variegated chlorosis) (3, 22) , and grapes (Pierce's disease) (7) . This pathogen also causes leaf scorch of almond, coffee, plum, oleander, and mulberry (16) . CVC is responsible for major losses in orange production and is a major threat to the citrus industry, since it is present in all of the main Brazilian citrus growing areas (8) . The complete genome of a CVC strain, 31b9a5c, was sequenced and 2,904 genes were annotated on the chromosome and two plasmids (27) . The annotation data are being verified by various Brazilian proteomic studies. As a part of these studies membrane protein analyses are being conducted due to their important roles in transport, metabolism, and in cellular and environmental adaptation.
The objective of this study was to compare the effectiveness of four commercially available detergents on the extraction of Xylella fastidiosa membrane proteins by 2-DE analysis.
MATERIALS AND METHODS

Bacterial strain and culture condition
This study analyzed the citrus-pathogenic X. fastidiosa strain 31b9a5c, which was isolated from Citrus sinensis (L.) Osbeck variety Valência cultivated in Macaubal, SP, Brazil. This isolate had its complete genome sequenced by Simpson et al. (27) , which is available at the Xylella Genome Project Web site (http:/ /aeg.lbi.ic.unicamp.br/xf/). Bacterial cells were cultured on solid buffered-charcoal yeast extract (BCYE) medium (29) at 28ºC for 21 days. Colonies were collected and immediately stored under liquid nitrogen for subsequent processing.
Membrane protein extraction
The X. fastidiosa membrane proteins were extracted by differential solubilization following the procedure described by Molloy et al. (15) with some modifications. Briefly, 40 mg of X. fastidiosa cells were resuspended in 40 mM Tris base and disrupted with the BioNeb ® Cell Disruption System (Glas-Col, Terre Haute, IN) under pressure of 8 kgf cm -2 with nitrogen gas flow rate at 17.0 liter min -1 . Before each sample was processed, the 5-10 mL BioNeb ® acrylic cylinder was first washed with Milli-Q water and then rinsed with the buffer (40 mM Tris-base). Samples were passed through BioNeb ® system three times to obtain a complete cell disruption. Samples were kept on ice during all stages. Afterwards, samples were centrifuged at 12000 x g for 10 min at 4ºC. The pellet was washed twice with 40 mM Tris base and the membrane proteins were extracted in a twostep protocol, as follows.
Step 1. The residual pellet was reconstituted in 5 mL of conventional solubilization solution [8 M urea, 4% CHAPS, 100 mM DTT, 40 mM Tris base and 0.5 % v/v carrier ampholytes (CA) 3-10, pH 9.5] and centrifuged as described. The supernatant rich in cytoplasmic proteins was discarded and the insoluble pellet was solubilized in 200 µL of 40 mM Tris base and partitioned in four samples of 50 µL each. Although the first step contained a high concentration of CHAPS (4%), which can solubilize membrane proteins, our objective was to analyze the effectiveness of the different detergents to recovery insoluble proteins in the second step.
Step 2. Each of the four samples were centrifuged again and each sample was solubilized in a solution containing 7 M urea / 2 M thiourea, 70 mM DTT, 0.5% v/v of CA 3-10 and one of detergents described below. The concentration of the detergent used in each solution was 1% (w/v) of ASB 14 (solution 1), 2% v/v of SB 3-10 (solution 2); 4% v/v of CHAPS (solution 3), and 4% v/v Triton X100 (solution 4). All detergents were from Calbiochem. The samples were mixed vigorously, centrifuged at 6000 x g at room temperature and submitted to 2-DE.
The reproducibility of the results was confirmed by three independent experiments, each with three repetitions.
Electrophoresis
IEF was conducted with IPG Immobiline DryStrip pH3-10 non-linear (NL) 18 cm (Amersham Biosciences). Strips were rehydrated for 16 h with 350 µL of IEF solution containing the solubilized membrane proteins. IEF was conducted in the IPGphor system (Amersham Biosciences) using the followed steps: S1 at 500 V for 1 h; S2 at 3500 V for 1 h and S3 at 8000 V until the focusing reached 60 kVh. Afterward, the strips were equilibrated with 50 mM Tris-HCl pH 6.8; 6M Urea, 30% Glycerol (v/v); 2% SDS (w/v), and 2% DTT (w/v) at room temperature (RT) for 10 min. Subsequently, the strips were re-equilibrated with the same solution except that DTT was replaced by 2.5% iodoacetamide and 0.005% of bromophenol blue at RT for 10 min. Strips were then sealed with 0.1% agarose in the top 1.5 mm of a 14 x 15 cm vertical 12.5% PAGE in a SE-600 system (Hoefer SE600). Electrophoresis was performed in the presence of 25 mM Tris-HCl, 192 mM Glycine and 0.1% SDS with constant voltage (90 V) for 30 min followed by constant amperage (30 mA/gel) at 10ºC for 3 to 4 h or until the bromophenol blue reached the bottom of the gel. Afterwards, gels were rinsed with distilled water for 5 min and fixed overnight in 40% methanol and 10% acetic acid. The gels were silver-stained according to Blum et al. (1) without formaldehyde.
Imaging Analysis
After staining, 2-DE gels were digitally documented with a Personal densitometer SI (Molecular Dynamics) and analyzed with the Melanie program version 3 (Genebio, Geneva, SW). The calibration of pI/Mr was based upon standard protein spots with known pI and molecular masses. Parameters such as volume and area were used to compare the quantity of the protein spots from the gels and evaluate the proteins from the second extraction step.
Peptide Mass Fingerprinting
Eighteen differentially expressed protein spots from 2-DE gels were randomly chosen, excised and subjected to MALDI-TOF tryptic peptide mass fingerprinting to identify the peptides. Peptides were generated and extracted from the gel-separated proteins following established in gel trypsin digestion protocols (26) . The peptides were analyzed on a Voyager DE-PRO MALDI-TOF mass spectrometer (Applied Biosystems). Prior to their application to the sample plate, the samples were purified using C18 ZipTip (Millipore), and eluted directly with a matrix solution of 2% (w/v) alpha-cyano-hydroxycinnamic acid, 60% acetonitrile and 0.1% (v/v) trifluoroacetic acid.
Bacterial proteins were identified by measuring tryptic peptide masses and using these data to search the X. fastidiosa genome database with the MS-Fit program (UCSF; http:// prospector.ucsf.edu/) (5).
RESULTS AND DISCUSSION
The purpose of our study was to assess, through 2-DE, the efficiency of four different commercially available detergents, ASB 14, SB3-10, CHAPS and Triton X-100 (Calbiochem) to solubilize membrane-bound or membrane-associated proteins from the plant-pathogenic bacterium, X. fastidiosa. To further optimize the procedure, differential protein solubility (15) was used together with the different detergents to sequentially separate proteins by their solubility, thus enriching the samples for membrane proteins. The efficiency of each detergent solution was determined by the number and volume of the visible spots on the gels analyzed by Melanie 3 (Genebio). The analysis of the gels with the samples solubilized with solution 1 (ASB 14) (Fig. 1a) , solution 2 (SB 3-10) (Fig. 1b) , solution 3 (CHAPS) (Fig.  1c) and solution 4 (Triton X100) (Fig. 1d) revealed, within the pH range 3-10 NL, 221, 157, 72 and 43 spots, respectively. These protein profiles obtained by 2-DE showed that the detergents ASB 14 and SB 3-10 were more efficient in solubilizing membrane proteins from X. fastidiosa followed by CHAPS and finally Triton X-100. The molecular weights (estimated through Melanie program) of the protein spots obtained with the various detergent treatments ranged from 15 to 97.9 kDa for ASB-14, 15 to 56 kDa for SB3-10, 17.8 to 61 kDa for CHAPS and 17.8 to 63 kDa for Triton-X. Overall, the effectiveness of each detergent can be easily observed by the number and abundance of spots revealed between the isoelectric points 4.5 to 9.5, and the molecular weight values within 17.9 and 88.1 kDa. Other studies have also shown the effectiveness of these sulfobetaines detergents for 2-DE analysis (4, 6, 12, 15) .
Eighteen protein spots (1 to 18) from the gel with samples treated with ASB 14 were randomly chosen for MALDI-TOF mass fingerprint analysis ( Table 1 ). The ORFs that refer to the sequence of each spot are described in Table 1 . These results indicate that the procedure used (15) with ASB 14 enriched the samples for membrane proteins, with 15 (83%) of the spots identified as "membrane proteins" (Table 1) . Of these 15 membrane proteins, two were inner membrane proteins (IMPs), nine were outer membrane proteins (OMPs), and four were periplasmatic proteins (PMs). The cytoplasmic proteins identified in the sample were the bacterioferritin (spot number 17, ORF Xf0395), and a conserved hypothetical protein (spot number 18, ORF Xf1808). Although an elongation factor Tu (EF-Tu) (spot number 10, ORF Xf2628/2640) was considered as a cytoplasmic protein based on previous annotation, EF-Tu has been found to be associated with bacterial periplasm (2) . If the mass fingerprint data can be used to extrapolate the total number of membrane proteins obtained from the ASB 14 treatment (at an 83% recovery) then 183 of the 221 protein spots are membrane proteins. Analysis of the X. fastidiosa genomic database predicts 210 membrane proteins (approximately 7% of the total genome), thus giving a theoretical efficiency of solubilization for this treatment of 87% (number of membrane protein observed/predicted total number of membrane proteins in the genome x 100). While this is a reasonable approach, caution should be taken with this calculation since some 40% of the ORF of the X. fastidiosa genome have no functional assignment and due to the possibility of differentially expressed membrane proteins. Furthermore, to explain the presence of the "hydrophilic proteins" in the membrane (hydrophobic) fraction, Herbert et al. (10) noted that not all proteins that are difficult to solubilized are "hydrophobic" based on the GRAVY scale (30) . This insolubility of "hydrophilic" proteins could also be due to hydrophobic domains that are outweighed by a majority of hydrophilic residues (10).
Since there were protein spots that were detected in all gels, such as 4 (Xf0781), 9 (Xf0343), 10 (Xf2628/2640), 15 (Xf1840), 16 (Xf2392) and 17 (Xf0395), we used them as standards to evaluate the solubility efficiency of each detergent. Of these, spot 9 is known to be an abundant outer membrane protein (28) , and the different detergents tested affected its solubility. Better protein These results suggest that membrane protein solubility is highly dependent on the type of detergent utilized and protocols must be tailored according to the proteins of interest.
CONCLUDING REMARKS
Membrane-associated proteins of Gram-negative bacteria are key molecules that mediate important cellular functions. A number of them are involved in the flow of ions and nutrients in and out of the cells, transport of toxins and metabolites, and signal transduction across the bilayer (12) . The expression of these proteins gives information regarding cellular function and they can be potential targets for control mechanism, especially in the case of pathogenic bacteria (10) . While membraneassociated proteins are extremely important, 2-DE analysis of these proteins underrepresents this group.
The procedure used in this study was able to improve one of the major drawbacks of 2-DE, which is the detection of hydrophobic proteins (8) . The choice of detergents utilized to solubilize the proteins for 2-DE can significantly alter the results, especially for hydrophobic proteins such as membrane and membrane-bound proteins, thereby making the detergent a key factor in the development of protocols for proteomic studies. 
RESUMO
